ABSTRACT Centric regions of eukaryotic genomes are packaged into heterochromatin, which possesses the ability to spread along the chromosome and silence gene expression. The process of spreading has been challenging to study at the molecular level due to repetitious sequences within centric regions. A heterochromatin protein 1 (HP1) tethering system was developed that generates ''ectopic heterochromatin'' at sites within euchromatic regions of the Drosophila melanogaster genome. Using this system, we show that HP1 dimerization and the PxVxL interaction platform formed by dimerization of the HP1 chromo shadow domain are necessary for spreading to a downstream reporter gene located 3.7 kb away. Surprisingly, either the HP1 chromo domain or the chromo shadow domain alone is sufficient for spreading and silencing at a downstream reporter gene located 1.9 kb away. Spreading is dependent on at least two H3K9 methyltransferases, with SU(VAR)3-9 playing a greater role at the 3.7-kb reporter and dSETDB1 predominately acting at the 1.9 kb reporter. These data support a model whereby HP1 takes part in multiple mechanisms of silencing and spreading.
H ETEROCHROMATIN protein 1 (HP1) was identified in Drosophila as a nonhistone chromosomal protein enriched in centric heterochromatin ( James and Elgin 1986; James et al. 1989) . On polytene chromosomes, HP1 localizes near centromeres and telomeres, along the fourth chromosome and at $200 sites within the euchromatic arms ( James et al. 1989; Fanti et al. 2003) . Heterochromatin has the ability to ''spread,'' or propagate in cis, along the chromosome (Weiler and Wakimoto 1995) . Spreading is observed when a chromosomal rearrangement places a euchromatic domain next to a heterochromatic domain. Cytologically, spreading is visualized as densely compact chromatin that emanates from the chromocenter, the structure formed by the fusion of centromeres, and extends into the banded regions of polytene chromosomes (Belyaeva and Zhimulev 1991) . Euchromatic genes brought into juxtaposition with heterochromatin by chromosomal rearrangements exhibit gene silencing, termed position effect variegation (PEV) (Weiler and Wakimoto 1995) . Mutations in Su(var)2-5, the gene encoding HP1, suppress silencing, suggesting HP1 plays a key role in spreading (Eissenberg et al. 1990 ). The molecular processes of spreading are not well understood.
Repetitive sequences within heterochromatin make it difficult to study spreading at the molecular level. In addition, specific repetitive elements are thought to function as initiation sites for heterochromatin formation (Sun et al. 2004; Haynes et al. 2006) , making it challenging to separate initiation from spreading. To overcome these problems, we generated a system that nucleates small domains (,20 kb) of repressive chromatin that share many properties with centric heterochromatin. Here we refer to these as ectopic heterochromatin domains. These domains are generated by expressing a fusion protein, consisting of the DNA binding domain of the Escherichia coli lac repressor (LacI) fused to HP1, in stocks possessing lac operator (lacO) repeats upstream of a reporter gene cassette (Danzer and Wallrath 2004) . LacI-HP1 associates with the lacO repeats and causes silencing of the adjacent reporter genes. Silencing correlates with alterations in chromatin structure that include the generation of regular nucleosome arrays similar to those observed in centric heterochromatin (Sun et al. 2001; Danzer and Wallrath 2004) . Chromatin immunoprecipitation (ChIP) experiments demonstrated that HP1 spreads bidirectionally, 5-10 kb from the lacO repeats, encompassing the reporter genes (Danzer and Wallrath 2004) . Thus, HP1 is sufficient to nucleate small heterochromatin-like domains at genomic locations devoid of repetitious sequences, allowing for molecular studies of spreading.
HP1 contains an amino terminal chromo domain (CD) and a carboxy chromo shadow domain (CSD), Supporting information is available online at: http:/ /www.genetics. org/cgi/content/full/genetics.109.105338/DC1. 1 separated by a flexible hinge (Li et al. 2002) . The CD forms a hydrophobic pocket implicated in chromosomal association through binding to di-and trimethylated lysine 9 of histone H3 (H3K9me2 and me3, respectively), an epigenetic mark generated by the histone methyltransferases (HMT) SU(VAR)3-9 and dSETDB1 (also known as Egg) ( Jacobs et al. 2001; Schotta et al. 2002; Schultz et al. 2002; Ebert et al. 2004; Clough et al. 2007; Seum et al. 2007; Tzeng et al. 2007) . Association with methylated H3 is one mechanism of HP1 chromosome association; however, other mechanisms involving interactions with DNA and/or partner proteins likely exist Li et al. 2002; Cryderman et al. 2005) . In Drosophila HP1, a single amino acid substitution within the CD (V26M) is present in the Su(var)2-5 02 allele; flies heterozygous for this allele show suppression of gene silencing by heterochromatin (Eissenberg et al. 1990) . Furthermore, flies trans-heterozygous for Su(var)2-5 02 and a null allele of Su(var)2-5 show dramatic reduction of HP1 near centromeres and do not survive past the third larval stage . Consistent with these observations, structural studies show that V26 plays a critical role in forming the hydrophobic pocket of the CD that binds to H3K9me ( Jacobs et al. 2001) .
The HP1 CSD dimerizes and mediates interactions with a variety of nuclear proteins (Cowieson et al. 2000; Yamamoto and Sonoda 2003; Thiru et al. 2004) . CSD dimerization sets up an interaction platform for the binding of proteins possessing a penta-peptide motif, PxVxL (where x represents any amino acid) (Thiru et al. 2004; Lechner et al. 2005) . Amino acid substitutions within HP1 have been identified that disrupt dimerization, and interaction with PxVxL proteins (Lechner et al. 2000; Thiru et al. 2004) . For example, a single amino acid substitution within the CSD (I161E) disrupts dimerization of mouse HP1beta (Brasher et al. 2000) . The lack of dimerization also caused the loss of interactions with nuclear factors containing PxVxL motifs and non-PxVxL partners (Yamamoto and Sonoda 2003; Lechner et al. 2005) . In contrast, a single amino acid substitution elsewhere in the CSD (W170A) of mouse HP1beta does not prevent dimerization, but disrupts the interaction with PxVxL partner proteins (Brasher et al. 2000) . Therefore, the requirement for HP1 dimerization and binding to the PxVxL proteins can be functionally separated. Here, we investigate effects of HP1 domain deletions and amino acid substitutions on HP1 localization, partner protein interactions, and heterochromatin spreading.
MATERIALS AND METHODS
Drosophila stocks: Drosophila stocks were raised on standard corn meal sucrose media at 25°unless otherwise noted. Stocks encoding wild-type (wt) LacI-HP1, GFP-LacI, and the reporter transgenes containing lacO repeats were previously generated (Danzer and Wallrath 2004) . Transgenic stocks expressing the mutant forms of LacI-HP1 were made using standard P-element transformation techniques (Rubin and Spradling 1982) . The dSETDB1 mutants egg and dmSetDB1 10.1a were described previously (Clough et al. 2007; Seum et al. 2007) .
Plasmid construction: Constructs containing mutant forms of HP1 were generated by PCR using a full-length HP1 cDNA clone as a template (Eissenberg et al. 1990) . For the construct possessing only the CD, a 240-bp fragment encoding amino acids 1-81 of the HP1 CD was amplified and cloned downstream of sequences encoding the DNA binding domain of the E. coli LacI repressor (Robinett et al. 1996) . The sequence of the forward primer was 59-CGGATCCGGAATGGGCAAGAAA ATCGAC-39 and the reverse primer 59-TGATCTAGATCAATC CTTCTTGGA-39. For the construct containing only the CSD, a 230-bp fragment encoding amino acids 132-208 was cloned downstream of sequences encoding the LacI DNA binding domain. The sequence of the forward primer was 59-TCC GGATCCGGAATGGAGCAGGACACCATT-39 and the reverse primer 59-TGATCTAGATCAATCTTCATTATC-39. The V26M, I191E, and W200A amino acid substitutions were generated using the Quick Change Site Directed Mutagenesis kit (Stratagene). The sequences of the PCR primers used for mutagenesis were as follows: V26M forward, 59-GAGGAGT ACGCCATGGAAAAGATCATCG-39; V26M reverse, 59-CTCC TCATGCGGTACCTTTTCTAGTAGC-39; I191E forward, 59-CC CACGAATGGTAGAACACTTCTACGAAGAGCGCC -39; I191E reverse, 59-GGGTGCTTACCATCTTGTGAAGATGCTTCTCG CGG-39; W200A forward, 59-CCACTTCTACGAAGAGCGCCT ATCCGCATACTCTGATAATGAAG-39; and W200A reverse, 59-GGTGAAGATGCTTCTCGCGGATAGGCGTATGAGACTAT TACTTC-39. The primers contain nucleotide substitutions that result in single-amino-acid substitutions within HP1. Amplified fragments were fused downstream of sequences encoding the LacI DNA binding domain. The LacI-HP1 fusions were cloned into the pCaSpeR-hs-act transformation vector downstream of the inducible hsp70 heat-shock promoter (http:/ /www.ncbi. nlm.nih.gov/nuccore/1432080report=genbank) and used to generate transgenic stocks.
Polytene chromosome staining: Third instar larval salivary glands were fixed, squashed, and stained with mouse antibodies to LacI (Upstate Biotechnology no. 05-501, clone 9A5, 1:300 dilution), followed by goat anti-mouse FITC ( Jackson Immunoresearch Laboratories, 1:200) or Alexa Fluor 546 donkey anti-mouse (Invitrogen, 1:200) after a 1-hr heat shock treatment according to published procedures (Li et al. 2003) . Hip was detected using previously described rabbit antibodies to Hip (Schwendemann et al. 2008; 1:50) followed by Alexa Fluor 488 goat anti-rabbit (Invitrogen, 1:300). dSETDB1 detection was carried out using previously described rat antibodies (Clough et al. 2007; 1:150) followed by donkey anti-rat FITC ( Jackson Immunoresearch Laboratories, 1:200). Suv4-20 rabbit antibodies were generated against the first 100 residues of Drosophila Suv4-20 expressed as a 63 His-tag fusion in E. coli. dsRNA corresponding to nucleotides 1088-1597 of CG13363 was used for Suv4-20 knockdown in S2 cells as described previously (Yang et al. 2008) and resulted in the elimination of the major band corresponding to the predicted molecular weight of Suv4-20 by Western analysis (data not shown). Polytene chromosomes were stained with antibodies to Suv4-20 (1:100) followed by Alexa Fluor 488 goat anti-rabbit (Invitrogen, 1:300).
Northern analysis: Total RNA was isolated from 20 larvae or adults using Trizol Reagent (Invitrogen) as described by the manufacturer after daily heat-shock treatment at 37°for 45 min. Total RNA (25 mg) was used in Northern analyses and hybridized with radio-labeled fragments corresponding to the unique tag (sequences from the SIP1 gene of barley) fused to hsp26 or sequences corresponding to the white transgene. Hybridization with sequences corresponding to the ribosomal protein gene, rp49, served as a loading control. Radioactive counts from each hybridization signal were quantitated using an Instant Imager (Packard). A single hsp26 transcript of 1.2-kb nucleotides was observed upon heat-shock treatment. Two transcripts, 6.0 kb and 2.6 kb in size, were observed upon hsp70 heat-shock-induced expression. The 6.0-kb transcript represents unspliced message; at least 15 min of recovery from heat shock were required for full processing. The 2.6-kb transcript represents the processed message. The rp49 transcript of $0.6 kb was observed.
Chromatin immunoprecipitation: For ChIP experiments Drosophila stocks were raised in bottles at 18°. Larvae were heat shocked once for 45 min at 37°. One hundred salivary glands (50 pairs) per sample were dissected from third instar larvae in Ringer's solution (8.0 g NaCl, 0.2 g KCl, 1 g NaHCO 3 , 0.04 g NaH 2 PO 4 Á2H 2 O), 0.2 g CaCl 2 Á2H 2 O, 0.05 g MgCl 2 Á6H 2 O, and 1 g glucose in 1L H 2 O) within 1 hr following heat shock. Chromatin immunoprecipitation was performed as previously described (Danzer and Wallrath 2004; Cryderman et al. 2005) . Four microliters of polyclonal HP1 antibody, 4 ml of GFP polyclonal antibody (negative control; A-6455, Molecular Probes), or 4 ml of polyclonal dimethyl K9 antibody (07-441, Upstate Biotechnology) was used for immunoprecipitation. Primers for PCR were as follows: hsp26-forward 59-CGAGGAA GAGCGTGTTGTAGG-39, hsp26-reverse 59-ACAACACCGACA TGCTCTACAG-39 (region 1954 to 11082 relative to transcription start); hsp70-white-forward 59-GCAACCAAGTAAATC AACTGC-39, hsp70-white-reverse 59-GTTTTGGCACAGCACT TTGTG-39 (region 1149 to 1250); rp49-forward 59-ATCGGTT ACGGATCGAACAAGC-39, rp49-reverse 59-GTAAACGCGGTT CTGCATGAGC-39, (region 12 to 1190); and cdc2-forward 59-GTAGCTAGCTTAGCATCGTT-39, cdc2-reverse 59-CCATATGT GCCCTCGCCAAT-39 (region À21 to 1143).
Real-time PCR: RNA was isolated using TRIzol reagent (Invitrogen) from adult flies treated with a daily 45-min heatshock regimen (37°). Approximately 15 mg of total RNA was treated with 2 mg of amplification grade DNase I (Invitrogen) in 20 ml total volume and incubated at room temperature for 15 min. The reaction was stopped by addition of 2 ml of 25 mm EDTA and heated to 70°for 10 min. cDNA was produced from 6 ml of each DNase I reaction via the SuperScript First-Strand cDNA Synthesis kit (Invitrogen) as described in the kit protocol with one exception: after RNaseH treatment, 20 ml of DEPC-treated water was added to each tube for a final volume of 40 ml. Real-time PCR was then performed using Syber Green PCR master mix (Applied Biosystems). Primers used for RT-PCR were the same as those used in ChIP experiments. PCR and fluorescent analyses were performed in an iCycler (Bio-Rad) running the iCycler IQ program (version 3.1.7050); threshold cycle numbers (Ct) were calculated automatically. Normalized DCt values were determined by subtracting the Ct obtained for the housekeeping ribosomal protein gene rp49 from the Ct obtained for hsp26-tag and hsp70-white. The same PCR cycle parameters were used for all primers: 50°for 2 min; 95°for 2 min; 35 cycles of 95°for 15 sec, 60°for 1 min, and 72°for 1 min. Melting curve analysis was run following PCR to exclude the possibility of primer-dimer amplification products.
RESULTS
Wild-type and mutant HP1 fusion proteins show distinct localization patterns: To determine the function of the different domains of HP1, wild-type and mutant forms of HP1 were expressed as LacI fusion proteins under control of a heat-shock inducible promoter (hsp26) in stocks containing a lacO-reporter gene cassette ( Figure 1 ). The LacI-HP1 fusion protein rescues lethality of Su(var)2-5 mutants (Li et al. 2003) . Mutant forms include HP1 truncations and amino acid substitutions that disrupt specific functions ( Figure 1A ). The LacI-CD construct encodes amino acids 1-81, representing the CD domain only. The LacI-CSD construct encodes amino acids 131-206, representing the CSD only. V26M contains an amino acid substitution within the CD that disrupts interaction with H3K9me ( Jacobs et al. 2001) . In mouse HP1beta, an amino acid substitution in the alphahelical region disrupts HP1 dimerization (Brasher et al. 2000) ; therefore, the analogous I191E amino acid substitution was generated in Drosophila HP1 (LacI-I191E). This mutant form of HP1 failed to dimerize in vitro under conditions in which wild-type HP1 dimerized (BrowerToland et al. 2007) . In mouse HP1beta, a W170A amino acid substitution disrupts interactions with PxVxLcontaining partner proteins, yet retains the ability to dimerize (Brasher et al. 2000) . The analogous W200A amino acid substitution in Drosophila HP1 was generated (LacI-W200A), which retained the ability to dimerize in vitro (Brower-Toland et al. 2007) . Transgenic Drosophila stocks expressing each mutant form of LacI-HP1 were generated. Western analyses of protein extracts from heat-shocked larvae revealed that the LacI-HP1 proteins were expressed 1.0-to 2.4-fold over endogenous HP1 levels and persisted for at least 2 hr post-heat-shock induction (data not shown). To determine the requirements for heterochromatin formation and spreading, the wild-type and mutant forms of HP1 fusion proteins were expressed in a stock possessing lacO repeats upstream of a tagged hsp26 gene (hsp26) and an hsp70-white gene (hsp70) ( Figure 1B ). The distance between the lacO repeats and the hsp26 transcription start site is 1.9 kb, and the distance from the lacO repeats to the hsp70 transcription start is 3.7 kb ( Figure 1B ).
Drosophila stocks expressing the LacI-HP1 fusion proteins were independently mated to stocks containing the reporter gene cassette inserted at cytological locations 4D5, 79D1, and 87C1 (Danzer and Wallrath 2004) . The LacI-HP1 proteins were localized on salivary gland chromosomes of resulting progeny using antibodies specific to LacI ( Figure 1C ). LacI-HP1 showed the anticipated localization pattern with association at the lacO repeats as well as the chromocenter, telomeres, and several euchromatic regions, including region 31 (Li et al. 2003; Danzer and Wallrath 2004 ). In contrast, the mutant forms of LacI-HP1 showed abnormal patterns of localization. LacI antibodies used to detect the LacI-CD protein showed negligible staining at the chromocenter and other locations, except for at the lacO repeats. Similarly, antibodies detecting the LacI-CSD, LacI-V26M, and LacI-W200A showed weak staining at the chromocenter in addition to a strong signal at the lacO repeats. LacI-W200A showed weak staining at euchromatic region 31, in contrast to other mutant forms that showed barely detectable to no signal at this site. Taken together, these data suggest that full-length HP1 is needed for proper association at the chromocenter.
Tethered HP1 recruits Hip and Suv4-20: HP1 has numerous interaction partners, some of which colocalize with HP1 at heterochromatin (Pak et al. 1997; Schotta et al. 2002; Schwendemann et al. 2008) . To determine whether tethered HP1 is able to maintain these interactions at sites of ectopic heterochromatin, colocalization studies on polytene chromosomes were performed. HP1-interacting protein (Hip), shows colocalization with HP1 in heterochromatic regions of polytene chromosomes and requires HP1 for chromosome association (Schwendemann et al. 2008) . Immunofluorescence microscopy of polytene chromosomes showed that LacI-HP1 recruited Hip to sites of ectopic heterochromatin (Figure 2 ). Of the mutant forms of HP1, only the LacI-CSD displayed colocalization with Hip, demonstrating that in vivo interaction requires a functional CSD (Figure 2) . These results agree with in vitro data and suggest that HP1 maintains partner-protein interactions at sites of ectopic heterochromatin.
Interaction between HP1 and a H4K20 HMT, Suv4-20, has been demonstrated by in vitro immunoprecipitation assays using mammalian orthologs ). This interaction is supported by genetic interactions in Drosophila (Yang et al. 2008 ) and suppression of PEV in a Drosophila Suv4-20 mutant . However, a recent study reported that a null allele of Suv4-20 does not suppress PEV (Sakaguchi et al. 2008) . To determine whether HP1 recruits Suv4-20 to chromatin in vivo, immunofluorescence microscopy of polytene chromosomes was performed. Antibody to Suv4-20 colocalized to sites of ectopic heterochromatin (Figure 3 ), supporting the link between HP1 and methylation of H4K20. None of the mutant forms of HP1, including the LacI-CSD fusion protein, displayed colocalization with Suv4-20. These results suggest that fulllength HP1 is necessary to recruit Suv4-20 in vivo.
Mutant forms of HP1 abolish silencing, spreading, and methylation at the hsp70 promoter: The effects of expressing mutant forms of LacI-HP1 on heat-shockinduced expression of the hsp70 reporter were determined by Northern analyses using sequences specific for the white transgene (Danzer and Wallrath 2004) . The results of three independent Northerns are shown for each insertion site (Figure 4 ). LacI-HP1 silenced the hsp70 promoter, while GFP-LacI had no effect on heatshock-induced expression, similar to published findings ( Figure 4A ; Danzer and Wallrath 2004) . None of the mutant forms of HP1 tested showed silencing of the hsp70 reporter gene. These data imply that association with H3K9me, dimerization of HP1, and interactions with PxVxL-containing proteins are required for silencing at the hsp70 reporter gene.
Previously we demonstrated by chromatin immunoprecipitation (ChIP) analyses that wild-type HP1 spreads $5-10 kb from the lacO repeats and associates with the hsp70 transgene (Danzer and Wallrath 2004) . Here, we used ChIP to test whether mutant forms of HP1 retained the ability to spread. The cdc2 gene, located within cytological region 31, was used as a positive control as it is enriched for HP1 (Cryderman et al. 2005) . The rp49 gene was used as a negative control because it does not associate with HP1 (Danzer and Wallrath 2004; Cryderman et al. 2005) . ChIP analyses demonstrated that HP1 was not enriched at hsp70 in the absence of LacI-HP1 as compared to the negative control ( Figure 5 and supporting information, Table S1 ). For example, at position 87C, only 0.12% of input was observed at hsp70 in the absence of LacI-HP1 expression, similar to the enrichment observed at the negative control. In contrast, 2.18% of input was observed for hsp70 upon expression of LacI-HP1, similar to the amount of enrichment observed for the positive control. Expression of LacI-I191E and LacI-W200A showed 0.13 and 0.07% of input at hsp70 integrated at position 87C, similar to the negative control. These data demonstrate a lack of spreading to hsp70 upon expression of the mutant HP1 proteins and suggest a requirement for dimerization and PxVxL interactions in spreading.
Models for heterochromatin spreading involve recruitment of SU(VAR)3-9 by HP1 and subsequent methylation of H3K9 (Bannister et al. 2001; Elgin and Grewal 2003) . In Drosophila, HP1 shows significant colocalization with H3K9me2 (Li et al. 2002; Ebert et al. 2004) . To determine whether tethered LacI-HP1 caused dimethylation of H3K9 at the sites of ectopic heterochromatin, ChIP analyses were performed using antibodies that recognize H3K9me2. In the absence of tethered LacI-HP1, H3K9me2 was not detected at hsp70, with 0.16% of input at position 87C1 ( Figure 5A and Table  S1 ). In contrast, histone methylation at hsp70 was comparable to the cdc2 positive control upon expression of LacI-HP1, yielding 2.18% of input ( Figure 5A and Table S1 ). These studies demonstrate that tethered HP1 led to dimethylation of H3K9 at distances of at least 3.7 kb.
The SU(VAR)3-9 HMT requires HP1 dimerization for interaction (Yamamoto and Sonoda 2003) . Therefore, we tested whether the LacI-I191E dimerization mutant would support histone methylation. Upon expression of LacI-I191E, only 0.16% of input was observed for the hsp70 promoter ( Figure 5A ). Similar results were obtained following expression of LacI-W200A, which resulted in 0.13% of input at hsp70 ( Figure 5A and Table S1 ). Experiments performed with the reporter transgenes inserted at position 4D5 yielded similar values, displaying a lack of methylation at hsp70 following expression of LacI-I191E or LacI-W200A ( Figure 5B and Table S2 ). Taken together, these findings suggest that HP1 dimerization and interaction with PxVxL-containing proteins are needed for HP1 to spread, recruit H3K9 HMTs, and silence gene expression at the hsp70 promoter.
Mutant forms of HP1 support silencing, spreading, and methylation at the hsp26 promoter: In contrast to results obtained for silencing at hsp70, all mutant forms of LacI-HP1 silenced the hsp26 transgene ( Figure 4B ). Expression levels of the transgene were 25% or less than that obtained upon expression of LacI-GFP and comparable to that obtained with LacI-HP1. Thus, nonoverlapping domains of HP1 were sufficient to achieve silencing at the hsp26 reporter and the inability to dimerize or interact with a PxVxL partner did not hinder silencing.
In agreement with the ability of the mutant HP1 proteins to silence expression of the hsp26 promoter, ChIP analyses revealed that these proteins were associated with hsp26. Expression of LacI-I191E and LacI-W200A showed 2.69 and 3.38% of input for HP1 at hsp26, values similar to that for wild-type LacI-HP1 ( Figure 5A and Table S1 ). No enrichment was observed at the hsp26 reporter in the absence of fusion-protein expression (0.18% of input). Similar results were obtained for the reporter gene cassette inserted at position 4D5 ( Figure 5B and Table S2 ). These data indicate that HP1 association with the hsp26 reporter occurs in the absence of dimerization or PxVxL interactions.
Surprisingly, expression of LacI-I191E led to H3K9 dimethylation at hsp26, showing 2.69% of input ( Figure  5A ). Similar results were obtained following expression of LacI-W200A, where 4.00% of input was observed at hsp26 ( Figure 5A and Table S1 ). H3K9me was not enriched at the hsp26 reporter observed in the absence of fusion-protein expression (0.17% of input). Experiments performed with the reporter transgenes inserted at position 4D5 yielded similar values, showing H3K9me2 at hsp26 upon tethering either mutant form of HP1 ( Figure 5B and Table S2 ). Together, these data suggest that HP1 is capable of associating with the hsp26 reporter, recruiting an H3K9 HMT, and silencing gene expression via a mechanism that is independent of dimerization and PxVxL interactions. Given that dimerization of mammalian HP1 is required for interaction with SUV39-H1 (Yamamoto and Sonoda 2003) , methylation at hsp26 is likely due to another histone methyl transferase. dSETDB1 functions in silencing the hsp26 promoter: The gene that encodes the dSETDB1 (Egg) H3K9-specific HMT, named dsetdb1, eggless, and dEset, is required for female fertility in Drosophila with mutants displaying reduced levels of H3K9me1, me2 and me3, and partial loss of PEV (Clough et al. 2007; Seum et al. 2007; Tzeng et al. 2007; Yoon et al. 2008; Brower-Toland et al. 2009 ). To begin to define the contribution of dSETDB1 to heterochromatin gene silencing and spreading, we first determined the ability of HP1 to recruit dSETDB1 to sites of ectopic heterochromatin. Immunofluorescence microscopy of polytene chromosomes revealed that dSETDB1 colocalized with LacI-HP1 at the lacO tethering site ( Figure 6A ). These results suggested that dSETDB1 may be responsible for the observed methylation and silencing of the hsp26 reporter. To address this possibility, we tested the ability of HP1 to silence the reporter genes at sites of ectopic heterochromatin in egg mutants. Transheterozygous egg mutants displayed a small, but statistically significant reduction in silencing at the hsp70 transgene ( Figure 6B ). Conversely, silencing at the hsp26 transgene was severely compromised, with levels of expression similar to the GFP negative control ( Figure 6C ). These results suggest that dSETDB1 is responsible for silencing the hsp26 promoter, and to a lesser extent, the hsp70 promoter. DISCUSSION Domain-dependent localization of HP1: The LacIlacO tethering system has proven useful for studies of chromosome pairing (Vazquez et al. 2002) , chromatin compaction (Verschure et al. 2005; Brink et al. 2006; Deng et al. 2008; Strukov and Belmont 2009) , and chromatin-mediated gene silencing (Danzer and Wallrath 2004) . Previously, we demonstrated that LacI-HP1 rescues lethality in Su(var)2-5 mutants (Li et al. 2003) . Tethering of LacI-HP1 caused gene silencing and altered chromatin structure (Danzer and Wallrath 2004) . Here, we employed the LacI-lacO system to characterize the ability of independent domains of HP1 to support gene silencing and spreading. As expected, each of the LacI fusion proteins localized to the lacO repeats; however, fusion-protein specific localization to endogenous sites was also observed, providing insight into the requirements for localization to centromeric and euchromatic regions. For example, only the wild-type fusion protein, LacI-HP1, showed strong localization to euchromatic region 31, suggesting a mechanism of association with this region that requires the function of all three domains of HP1. However, weak association at region 31 by LacI-W200A suggests that PxVxL interactions may be dispensable for recruitment of HP1 to this region. Surprisingly, the LacI-CD protein completely failed to associate with the chromocenter, indicating that the H3K9me binding domain alone is not sufficient for this association. LacI-I191E, which is deficient in dimerization and PxVxL interactions, displayed strong localization to the chromocenter. Taken together, these data support a role for the hinge region in this association as suggested by studies of hinge phosphorylation-mutant proteins (Badugu et al. 2005) .
Mechanisms of silencing by HP1: Previously, we determined that SU(VAR)3-9 was required for silencing at the hsp70 reporter, 3.7 kb from the lacO repeats, and contributed to silencing at the hsp26 reporter (Danzer and Wallrath 2004 ). Here we show that silencing at the hsp70 promoter occurred only upon tethering of wildtype LacI-HP1, containing an intact CD and CSD. Given that the HP1 CSD interacts directly with SU(VAR)3-9 (Schotta et al. 2002) and that this interaction requires dimerization of HP1 (Yamamoto and Sonoda 2003) , it is likely that the loss of silencing results from lack of interaction with SU(VAR)3-9. The LacI-W200A mutant also fails to silence at hsp70, suggesting that other factors containing PxVxL motifs are likely needed for spreading.
Silencing observed with full-length proteins such as LacI-HP1, LacI-I191E, and LacI-W200A might involve the hinge region, which remains intact in these fusion proteins. The hinge interacts with numerous partners (Nielsen et al. 2001; Maison et al. 2002; Muchardt et al. 2002; Zhang et al. 2002; Hale et al. 2006) . For example, the hinge region of HP1 Hs-alpha binds histone H1b in a phosphorylation-dependent manner (Hale et al. 2006) . Hypophosphorylated H1 is postulated to be involved in recruitment of HP1 to centric heterochromatin. The hinge region of mouse HP1a has been implicated in controlling muscle differentiation transcriptional programs through interactions with complexes containing histone deacetylases (HDACs) (Zhang et al. 2002) , suggesting possible mechanisms of gene silencing.
The HP1 CD and CSD support silencing of the hsp26 promoter: The LacI tethering system allowed for a determination of the requirements for silent chromatin formation and spreading. Surprisingly, both the HP1 CD and CSD were sufficient to cause silencing at 1.9 kb. Consistent with this finding, the CD and CSD of mouse HP1beta caused gene silencing when tethered 200 bp upstream of a reporter gene (Lechner et al. 2000) . In contrast, the CD of human HP1
Hs-alpha was unable to silence at short distances. Differences in the amino acid sequence, structure, and/or function between the human and mouse HP1 CDs might account for the contrasting results. Interestingly, mouse HP1beta shows a greater percentage of identity to Drosophila HP1 than HP1 Hs-alpha , suggesting that amino acids conserved between Drosophila HP1 and mouse HP1beta, but absent from HP1
Hs-alpha might be key residues involved in short-distance silencing.
Tethering of the CD alone was sufficient to silence the hsp26 promoter, but not hsp70. There are known partner proteins that interact with the CD of HP1, such as the origin recognition complex proteins (Pak et al. 1997; Huang et al. 1998 ) and the retinoblastoma protein (Williams and Grafi 2000) . Silencing mediated by the CD alone may be the result of interactions with these or other proteins. Similarly, the LacI-CSD protein was sufficient for silencing of the hsp26 reporter, but not hsp70. Silencing across a short distance has also been observed upon tethering the murine HP1beta CSD 200 bp upstream of a reporter gene (Lechner et al. 2000) . The CSD interacts with a wide variety of nuclear proteins including SU(VAR)3-9. The fact that silencing at hsp26 was not abolished in a Su(var)3-9 null (Danzer and Wallrath 2004) suggests that partners other than SU(VAR)3-9 are involved. The ability of these nonoverlapping domains of HP1 to induce gene silencing within 1.7 kb suggests multiple, independent mechanisms for the initiation of gene silencing by HP1.
Histone methylation plays a role in gene silencing at both hsp26 and hsp70: Upon tethering LacI-HP1, H3K9me2 is detected at both the hsp26 and hsp70 reporter transgenes by ChIP analyses ( Figure 5 , Table S1,  and Table S2 ). Similarly, targeting HP1
Hs-alpha , HP1 Hs-beta , or a CSD to reporter genes in mammalian cell culture studies caused H3K9me3, in this case by SETDB1 (Verschure et al. 2005; Brink et al. 2006) . Likewise, targeting HP1
Hs-alpha or HP1 Hs-gamma upstream of a luciferase transgene in mammalian cells caused recruitment of SETDB1 (Ayyanathan et al. 2003) . In Drosophila HP1 tethering studies, two key findings implicate involvement of SU(VAR)3-9 in H3K9 methylation associated with silencing of the hsp70 promoter. First, Su(var)3-9 null mutants show a dramatic reduction of silencing at the hsp70 promoter (Danzer and Wallrath 2004) . Second, a loss of silencing at hsp70 was observed for the I191E mutant predicted to disrupt interactions with SU(VAR)3-9.
In contrast to the loss of silencing at the hsp70 reporter in a Su(var)3-9 mutant background, silencing and H3K9me at the hsp26 reporter remained. These data suggest histone methyltransferases other than SU(VAR)3-9 are recruited by HP1. Many histone methyltransferases share a common SET domain (Alvarez-Venegas and Avramova 2002) . On the basis of in silico analyses, $31 SET domaincontaining proteins are encoded by the Drosophila genome (Yang et al. 2008) , providing multiple candidates for an involvement in hsp26 reporter silencing accompanied by H3K9 dimethylation. Brower-Toland et al. (2009) recently reported on the spatial and temporal separation of the function of three of these: SU(VAR)3-9, dSETDB1, and dG9a. Their data suggest that SU(VAR)3-9 and dSETDB1 both function in methylation of H3K9 in pericentric heterochromatin, with SU(VAR)3-9 acting during early developmental stages, and dSETDB1 maintaining the pattern of methylation through metamorphosis. In contrast, dG9a does not appear to act upon pericentric heterochromatin. Our results suggest an additional level of spatial organization and cooperation between SU(VAR)3-9 and dSETDB1. dSETDB1 appears to be involved in the H3K9 methylation observed at the hsp26 promoter, as loss of dSETDB1 results in increased gene expression from the hsp26 reporter gene (Figure 6 ). Conversely, expression of the hsp70 reporter displays a modest increase upon loss of dSETDB1. Previously, we reported that loss of SU(-VAR)3-9 has the converse effect, loss of silencing at the hsp70 promoter and minimal effect on the hsp26 promoter (Danzer and Wallrath 2004) . Together, these results suggest a model in which initiation of heterochromatin at the hsp26 reporter occurs through methylation by dSETDB1, whereas the majority of spreading and silencing at the hsp70 reporter requires methylation by SU(VAR)3-9.
In Drosophila, H3K9me and H4K20me are both present in centric heterochromatin and loss of SU(VAR)3-9, an H3K9 HMT, results in loss of H4K20 methylation . Furthermore, HP1 is required for wild-type levels of H4K20me (Yang et al. 2008) . Similarly, several lines of evidence have pointed to an interaction between HP1 and the H4K20 HMT Suv4-20 in mammalian systems, including in vitro pull down assays using mammalian proteins and a requirement for Suvar3-9h for proper distribution of H4K20me ). Suv4-20 has been reported to act as a suppressor of PEV in Drosophila; however, this activity appears to be dependent upon the allele and reporter combination being examined Sakaguchi et al. 2008 ). Our results demonstrate an in vivo interaction between HP1 and Suv4-20 in Drosophila and support a yet-to-be-defined role for H4K20 in heterochromatic regions.
Mechanisms of silent chromatin spreading: The spread of silent chromatin has been observed in many organisms, yet molecular mechanisms that account for spreading are not well understood. At S. cerevisiae telomeres, silent chromatin is initiated by the DNA binding protein Rap1 that recruits Sir proteins, including the histone deacetylase Sir2 (Perrod and Gasser 2003) . In wild-type cells, Sir3 spreads 2.5 to 6 kb from the telomere. In strains mutant for histone acetyltransferases such as gcn5, elp3, and sas2, Sir3 proteins spread up to 15 kb from the telomere (Suka et al. 2002; Kristjuhan et al. 2003) . Therefore, spreading is controlled through the balance of histone acetylation and deacetylation.
In Schizosaccharomyces pombe, the spread of silent chromatin involves the recruitment of the siRNA machinery (Irvine et al. 2006) . Silencing of a ura4 reporter inserted within the transcribed repetitive element was more efficient than silencing the same reporter inserted upstream. Processing of transcripts derived from the repetitive element by Argonaute (Ago1) correlated with the recruitment of RNA-induced initiation of transcriptional silencing (RITS) complex (Verdel et al. 2004) and H3K9 methylation. Paradoxically, these data demonstrate a role for RNA polymerase II transcription in gene silencing (Irvine et al. 2006) . Consistent with these findings, factors involved in processing small RNAs play roles in Drosophila gene silencing (Pal-Bhadra et al. 2004; Kotelnikov et al. 2009; Malone et al. 2009 ). Mutations in homeless, aubergine, and piwi have dominant effects on silencing due to centric heterochromatin in Drosophila (Pal-Bhadra et al. 2004) . A genetic analysis to definitively test the role of RNAi in gene silencing by tethered HP1 has not yet been conducted.
In cases of heterochromatin spreading, genes close to a heterochromatic breakpoint typically exhibited more frequent and/or severe inactivation than genes located more distally (Weiler and Wakimoto 1995) . Molecular models involving the linear spread of heterochromatin have been proposed to explain these data (Locke et al. 1988; Tartof et al. 1989) . However, there are examples of discontinuous spreading in which genes are ''skipped.'' In such cases the gene more distal to the heterochromatic breakpoint is silenced to a greater extent than a proximal gene (Belyaeva and Zhimulev 1991; Talbert and Henikoff 2000) . To account for these observations a ''coalescence'' model of heterochromatin spreading has been proposed in which spreading occurs through pairing of nonadjacent chromosomal regions, frequently containing repetitive DNA sequences (Talbert and Henikoff 2000) . Data presented here for silencing at hsp26 and hsp70 are consistent with a linear spreading model. At the three genomic positions tested, silencing of the hsp70 reporter was not observed in the absence of silencing at hsp26.
The different response of hsp26 and hsp70 reporter genes to the mutant forms of HP1 might reflect differences in these two promoters. However, both possess heat-shock elements, GAGA factor binding sites (Rougvie and Lis 1990) , and similar amounts of paused RNA polymerase II (Rougvie and Lis 1990 ). Previously we demonstrated that both promoters show similar sensitivity to HP1-mediated heterochromatic silencing (Wallrath and Elgin 1995) . If promoter strength were an explana-tion for the differences observed, hsp26 would be predicted to be the weaker of the two, since it is silenced by the mutant forms of HP1, whereas hsp70 remains active. On the contrary, hsp26 exhibited a greater fold induction than hsp70 in the absence of HP1 tethering, suggesting hsp26 was the stronger of the two promoters (Danzer and Wallrath 2004) . Thus, the different response of the promoters to mutant forms of LacI-HP1 is likely due to distance-dependent HP1 spreading, a theory supported by ChIP data.
A model for silent chromatin spreading was developed from the studies described here (Figure 7 ). It appears that multiple HMTs cooperate with HP1; silencing at short distances is predicted to involve dSETDB1 and likely other H3K9 methyltransferases, whereas, spreading at long distance requires the CD and CSD and H3K9 methylation by SU(VAR)3-9. In addition, our data strongly support the involvement of factor(s) possessing PxVxL motifs in the spread of silent chromatin. Antibodies to GFP, HP1 and di-methylH3K9 (H3K9me) were used for ChIP.
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